profiles considered. Our analysis shows that 1) for a given base width and intrinsic base resistance, the exponential base doping profile with Ge yields the least value of b;SiGe and 2) for a given peak base doping concentration and the intrinsic base resistance, the uniform base doping with Ge gives minimum b;SiGe : Also, the need for keeping the total base Ge content constant while optimizing the Ge profile in the base is emphasized by showing that a false minimum for b;SiGe may appear if the total Ge content is not kept constant.
I. INTRODUCTION

B
ANDGAP engineering with the incorporation of Ge in the base of silicon bipolar transistors enhances the performance of these devices with a modest increase in process complexity [1] - [3] . In SiGe HBT's, bandgap grading gives rise to a drift field which aids the minority carrier transport through the base. This fact has been used to realize devices with high cutoff frequency Recently devices with over 100 GHz have been reported [4] . The design of Ge profile for minimizing base transit time in SiGe HBT's has been studied extensively in literature [5] - [8] . The triangular Ge profile is effective in optimizing the bandgap grading in the base to minimize [5] . But the efforts to minimize the concerns about film stability [6] and the sensitivity of to the location of the peak of triangular profile [5] , [7] have led to the suggestion of a trapezoidal Ge profile as an alternative. Closed form analytical expressions have been derived for for a uniformly doped base with trapezoidal Ge profile [7] , [8] . It has been shown that using a trapezoidal profile, similar to that of a triangular profile, can be achieved with lower peak Ge concentration [6] . Although alternative Ge profiles have been suggested in [9] , [10] , the difficulties in realizing such profiles may overshadow any benefits that may be accrued Manuscript received on November 13, 1997; revised February 9, 1998 . The review of this paper was arranged by Editor T. Nakamura.
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from them. It is important to note here that any comparisons between different Ge profiles must be done under the constraint of constant total Ge content in the base which implies constant film stability [11] , [12] . It is of interest to examine the cumulative effect of the base doping profile and the Ge profile while optimizing for a nonuniformly doped base. For a given base width and peak base doping, the exponential base doping profile has been suggested as optimal for HBT's [13] . But the analysis there does not take into account bandgap grading in graded base HBT's. Using UHV/CVD low temperature epitaxy, very small base widths of about 45 nm have been achieved [14] . In such devices, the peak base concentration occurs at a point deeper than the emitter-base junction. This introduces a retarding electric field in the region of the base lying between the emitter edge of the base and the peak of the base doping profile [13] . The design of Ge profile for minimizing the base transit time of epitaxial base transistors fabricated using this technique is of interest.
The objective of the present work is to find a unified closed form expression for the base transit time for uniform and nonuniform base doping distributions and to show that our unified model for is consistent with the experimental and simulation results reported in literature [12] , [14] , [20] . The design of Ge profile for different base doping profiles is studied using our analytical model for minimizing It is demonstrated that a false minimum occurs in the value of when plotted against the coordinate which denotes the beginning of the plateau in the Ge trapezoid, if the criterion of constant film stability is not taken into consideration.
II. THEORY
The base transit time of a SiGe HBT can be expressed as [15] (1) where is the neutral base width, is the base doping and is the intrinsic carrier concentration of the SiGe base given by [16] ( 2) where is the ratio of the effective density of states in SiGe base to the effective density of states in silicon, is the 0018-9383/98$10.00 © 1998 IEEE intrinsic carrier concentration in undoped silicon, is the Boltzmann constant, is the temperature in degrees Kelvin and is the effective bandgap reduction in the SiGe base which is expressed as (3) where is the bandgap narrowing due to the presence of Ge which is assumed to have a linear dependence on Ge concentration [16] . In the present study we have assumed that the bandgap narrowing due to heavy doping effects is identical to that of silicon. An approximation of the Slotboom-de Graff bandgap narrowing model [17] is used to model [18] (4) with meV and cm The bandgap narrowing due to the presence of Ge for trapezoidal Ge profile is given by [15] ( 5) where meV, is the Ge fraction at the collector edge which is a function of if the total Ge content in the base is kept constant and is the Ge concentration at the emitter edge. The mobility model used in our analysis is [12] (6) where is the total Ge content in the base, is the mobility of electrons in the SiGe base, and is the electron mobility in silicon. This is an approximation, since the mobility in a graded base HBT is dependent on spatially varying Ge fraction. Also, it is assumed that the Einstein's relation holds good i.e., (7) where is the electron diffusion coefficient in the SiGe base. To model the diffusion coefficient in silicon, an empirical fit to the PISCES mobility data has been used [18] ( 8) where cm s and for electrons.
The base doping profile of epitaxial base transistors is approximated by rising and falling exponential functions centered at the location of the peak base doping concentration (9) where is the peak doping concentration in the base, is the distance measured along the base, , is the doping concentration at the collector edge in the base, is the doping concentration at the emitter edge of the base, and is the location of the peak of the dopant distribution in the base. For (9) models an exponential base doping profile and for , the equation reduces to that of a uniform base doping profile.
In the present study, the total Ge content in the base is kept constant for different Ge profiles (e.g., box, trapezoidal, triangular). This implies that as varies from 0 to , the Ge concentration at the collector edge increases from the peak Ge concentration for the box profile to the peak Ge concentration for the triangular profile. This is illustrated in Fig. 1 . For any given , the peak Ge concentration is given by (10) where
The total Ge content is given by (11) The Ge grading from emitter edge to collector edge may be expressed as for and for Equation (1) underestimates the value of base transit time for very small base widths. The increase in electron concentration in the base due to carrier velocity saturation in the collector-base depletion region introduces an additional term in the base transit time expression which is given by [19] (12) where and are the intrinsic carrier concentration and the doping concentration, respectively, at the collector edge of the base, is the saturation velocity of electrons in the collector-base space charge region and is the velocity saturation component of the base transit time. The total base transit time is the sum of (1) and (12) .
III. UNIFIED BASE TRANSIT TIME MODEL
A. Exponential and Uniform Base Doping Profiles
Using (2)- (9) in (1) with , the modified integral relation for the base transit time can be written as (13) where By integrating (13) and after simplification, a single unified model can be obtained to describe for the exponential and uniform base dopant distributions with various Ge profiles (e.g., box, trapezoidal and triangular) in the base as given below (14) where is the electron diffusion coefficient at the peak dopant concentration in the base, is a factor which depends both on the Ge profile shape and base doping profile, and
For the exponential profile with , the factor in (14) is given by (15) where , and For a uniformly doped base, and the above expression reduces to (16) 
B. Epitaxial Base Transistors
Integrating (1) for nonzero using a similar approach as above gives an expression for base transit time which may be simplified to (14) where F( ) is now given by (17) where and
where , and For , the base doping profile is a falling exponential and (17) reduces to (15) .
C. Effect of Velocity Saturtion in Collector-Base Space Charge Region
Integrating (12) using the approach outlined above, the component of base transit time due to the velocity saturation effects can be written as (21) where the parameter for an epitaxial base with nonzero is given by (22) In the case of exponential base doping with , (22) reduces to (23) Similarly, the expression for for a uniform doping profile can be obtained by taking the limit in (23)
D. Total Base Transit Time
Now, the total base transit time can be written using (14) and (21) as (25) IV. RESULTS AND DISCUSSION
A. Comparison with Experimental and Simulation Results
In order to prove the validity of our closed form analytical model for , we have compared the results obtained from our analytical model with the published experimental and numerical simulation data [12] , [14] , [20] . For all the devices considered below, the depletion layer width on the base side of the collector-base junction is deducted from the metallurgical base width to estimate the neutral base width at V. The given intrinsic base resistance and the peak base doping concentration values were then used to determine the base doping profile of (9). Further, the Ge concentration [12] at the emitter edge and the collector edge of the neutral base was determined from the given Ge profile for each device.
The first SiGe HBT device considered [14] has been fabricated using UHV/CVD low temperature epitaxy and has a metallurgical base width of 45 nm, peak base doping concentration of cm and intrinsic base resistance of 17 k
The Ge concentration is graded from 0% at the emitter-base junction to 7% at the collector-base junction. The value of estimated in [14] is 0.75 ps which compares favorably with 0.68 ps obtained using (25). The second device with which we have validated our model [(25)] has been fabricated using MBE having a metallurgical base width of 33 nm with a peak base doping concentration of cm , intrinsic base resistance of 1 k and a box Ge profile with 28% Ge [20] . The base transit time evaluated using our model [(25)] is 2.2 ps which is in good agreement with the base transit time of 2 ps estimated in [20] from the versus characteristics of the device. In [12] , numerical simulations were run on three devices with identical intrinsic base resistance 7 k and different stability points, as defined by Matthews and Blakeslee [21] - [24] . For each device, the base transit time for two different Ge profiles (box, triangular) were compared along with the base transit time of the Si BJT with the same doping profile. The results obtained using our model for the three devices are compared with the published results [12] in Table I . The above comparisons clearly show the validity of our model for the base transit time
B. Effect of Varying Total Ge Content and
If the total Ge content is varied with by keeping constant, a minimum appears in the plot of versus This is shown by curve " " in Fig. 2 where the normalized base transit time is plotted as a function of This minimum is "false" as it does not convey any meaningful information for minimizing since the different Ge profiles compared here have different points of stability, i.e., different effective strain and film thickness [21] - [24] . On the other hand, if the point of stability of different Ge profiles is made identical, has no discernible minimum for This is evident from curve " " in Fig. 2 where is kept fixed at a value corresponding to the false minimum of curve " " in Fig. 2 . T =W B ) ) for a device with W B = 60 nm, peak base doping of 5210 18 cm 03 , and Rp = 0:5W B for (a) constant y g (X T ) = 12%(y c = 12% Ge, y e = 0% Ge) and (b) y tot fixed at total Ge content corresponding to the false minimum of (a). 
C. Ge Profile Design Considerations
Following the two approaches outlined in [13] , the effect of introducing Ge in the base has been investigated for the three doping profiles considered. In the present study, we have considered an epitaxial base device with neutral base width of 60 nm, peak base doping of cm and an intrinsic base resistance of 5 k
In order to simplify the analysis, we have assumed that the thickness of the depletion layer in the base is negligible for the collector-base and emitterbase junctions. The analysis has been carried out for two different stability points: 1) and 2) Using the first approach, the base width and the intrinsic base resistance are kept fixed at the values specified for the epitaxial base device nm, k for the three doping profiles under study while varying the peak base doping concentration. Fig. 3 shows the variation of normalized base transit time with for the three base doping profiles for different values of
The triangular Ge profile has the minimum base transit time for all the dopant distributions considered. For a given base width and intrinsic base resistance, the exponential doping profile yields a lower value of as shown in Fig. 3 . This result is in agreement with the conclusions drawn in [13] . It is instructive to note that for the three doping profiles considered, the base transit time of the trapezoidal Ge profile with is approximately same as the base transit time of the triangular Ge profile. The difference in base transit times is less than 10%. Therefore, the trapezoidal Ge profile with can give a near optimum with a lower peak Ge concentration than that is required for the triangular Ge profile. This optimal value of is nearly independent of the value of as is evident in Fig. 3 .
Following the second approach, the base width for the three profiles is varied to give the same intrinsic base resistance k at a fixed peak doping concentration cm
In Fig. 4 , we have plotted as a function of for the three doping profiles considered. It is evident from the figure that the uniform base doping gives the lowest base transit time in this case. It may be mentioned here that the limiting time constant in the case of uniformly doped base device of Fig. 4 may be the emitter transit time because of the small base width. Under such circumstances, the optimal Ge profile for minimizing the total forward transit time may be the box Ge profile.
In Fig. 5 , the variation of as a function of is plotted for the three doping profiles considered with a triangular Ge profile in the base. It appears from the figure that beyond a certain value of 15%, there is very little reduction in This result is in agreement with the conclusions drawn in earlier work in literature [9] . It is also of interest to note from Fig. 5 that, for higher total Ge content ( 10%), the difference in the base transit time for all the three doping profiles is insignificant. Therefore, an appropriate choice of will reduce the emitter-base junction electric field without a significant increase in the base transit time This is advantageous since the lower emitter-base junction electric field will result in reduced leakage current and junction capacitance.
V. CONCLUSIONS
For the first time, a unified closed form analytical expression is derived for the base transit time of SiGe HBT's with nonuniform base dopant distribution and different Ge profiles in the base (e.g., box, trapezoidal, triangular) while taking into consideration dopant induced bandgap narrowing and variable diffusion coefficient. Our model shows good agreement with published data [12] , [14] , [20] . Using this analytical model, the design of Ge profile for the uniform and exponential doped base and epitaxial base is studied. Our analysis suggests that the trapezoidal Ge profile with gives a near optimal for the three base doping profiles. For all the dopant distributions, there is no significant decrease in when the total Ge content For any given base width and base resistance, the exponential doping profile has the least
The introduction of Ge in the base provides the device designer with a means of reducing the electric field in the emitter-base space charge region without a significant increase in the base transit time. For identical peak base doping and , the uniformly doped base has a lower than the exponentially doped base and the epitaxial base.
